The hagfish, Eptatretus stoutii, has been shown to synthesize bactericidal antibodies after injections of gram-negative organisms. These bactericidins could be detected as early as 2 days after the primary injection. Secondary responses were accelerated, although titers were not significantly higher than those reached in the primary response. The bactericidins of hagfish were found to react with other gramnegative enteric bacteria, but not with gram-positive strains. The bactericidins show a lesser degree of specificity and a shorter induction period than other hagfish antibodies or most antibodies induced in higher vertebrates. The bactericidal activity was temperature dependent and could be irreversibly destroyed by heating at 50 C for 20 min. Immune sera were subjected to gel filtration on Sephadex G-200, and bactericidal activity was found to be associated with the excluded peak indicating a high-molecular-weight component. Evidence indicates that inducible immune responses of this bactericidal type represent a primitive capacity which arose before the emergence of vertebrate species.
The Pacific hagfish, Eptatretus stoutii, of the class Agnatha, may be the most primitive of surviving vertebrate species (5) . In light of this distinction, knowledge of the immune potentialities of this animal should provide a clearer understanding of the evolution of immune mechanisms common to higher vertebrates, as well as to invertebrates. Early investigations (29, 30) failed to detect adaptive immunity or evidence of lymphoid tissue in hagfish. This suggested to Finstad and Good (13) that the lamprey, also a member of the class Agnatha, but possibly more advanced, is the lowest vertebrate capable of an adaptive immune response.
Under better experimental conditions, Hildemann and Thoenes (14) demonstrated a well developed capacity for transplantation immunity in these animals. The responses to skin allografts were specific and accelerated second-set rejections indicated persistent immunological memory. Additional studies by Thoenes and Hildemann (33) revealed that hagfish are also able to produce serum antibodies to keyhole limpet hemocyanin in high titer. Physical and chemical studies proved these antibodies to be macroglobulins with distinctive properties, but similar to the IgM class I Present address: Division of Biology, California Institute of Technology, Pasadena, Calif. 91109. found in mammals. Moreover, a diverse spectrum of macrophages, granulocytes, and lymphocytes was also found. Linthicum and Hildemann (23) , in addition, showed that hagfish are capable of producing antibodies to cellular antigens which are also macroglobulin in nature.
A preliminary investigation by us suggested that hagfish were capable of synthesizing bactericidins with certain antibody-like properties in response to injections of gram-negative bacteria (1) . In the studies of Papermaster et al. (29, 30) , a search for bactericidal activity was excluded because this form of immunity was supposed by them to be atypical of adaptive immunological responses. However, demonstration of inducible bactericidal responses in several species of invertebrates (2, (9) (10) (11) (12) 35) suggested that this means of protection against microbial invasion might represent a primordial or incipient form of immune responsiveness. The present investigation was designed to characterize further the inducible bactericidal response of the Pacific hagfish to diverse gramnegative organisms. about 32 fathoms of water at 12 C. These animals were maintained in large, circulating seawater aquariums at a temperature of 18 to 19 C. Beef liver was offered to the animals twice a week. Detailed aspects of animal husbandry were described previously (14) .
Antigen. Salmonella typhosa was prepared as described by Evans (8) . The Formalin-killed cells were washed three times with 0.9%o sodium chloride solution containing 0.3% (v/v) Formalin and suspended in this diluent at a concentration of 2 X 109 cells/ml. Gram-negative bacillus, designated EMB-1 (9), isolated from the gut of a spiny lobster was also used as an immunizing antigen. This bacterium was prepared in the same manner as described for S. typhosa. All bacteria were maintained as stock cultures on Brain Heart Infusion Agar (Difco).
Antigenic stimulation and collection of serum. Before immunization or bleeding, all hagfish were anesthetized with MS-222 Sandoz (tricaine methan sulfonate) as described by Hildemann and Thoenes (14) . The animals were given antigenic stimulation by injecting 109 cells of the respective bacteria per 0.5 ml into the subcutaneous caudal blood sinuses. Blood was collected before immunization and, at various intervals, after immunization from the lateral caudal sinus on the opposite side of the animal from the site of injection. The blood was held at 5 C overnight, after which clots were removed by centrifugation at 1,000 X g for 30 min. Serum was stored at 0 C. Bactericidal assay. Serum was assayed for bactericidal activity within 24 hr after collection, by using the procedure described by Schwab and Reeves (32) . The titers were expressed as the reciprocal of the highest dilution of serum which killed 50% or more of the inoculum after an incubation of 90 min at 37 C. All assays were performed in duplicate.
STH agglutination titrations. S. typhosa "H" antigen (STH) agglutinin titers were determined by a modification of the tube agglutination test outlined by Kabat and Mayer (17) . The 
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Bactericidal antibody response. Figure 1A shows the response of a hagfish receiving Formalinkilled EMB-1, a gram-negative bacillus isolated from the gut of a spiny lobster (9) . Bactericidal antibody was present at 2 days, and a peak titer of 1:160 was reached by the seventh day. Reinjection of EMB-1 32 days post primary immunization resulted in an accelerated appearance of antibody. The peak titer of 1:160 was reached 2 days post secondary injection. This was a fourfold increase over the preimmunization titer of 1:10. This same type of response in another animal VOL. 4, 1971 given EMB-1 can be seen in Fig. lb. Here again, the peak titer in the primary response was reached by the seventh day, but the rise in titer after secondary stimulation did not peak at 2 days; rather, the titer rose to 1:160 by the fourth day and had declined only one dilution step by day 14. Thus, in this animal, the secondary response persisted for a longer period of time. Effect of temperature on bactericidal activity. Figure 2 demonstrates the bactericidal activity as a function of assay incubation temperature. As shown, the bactericidal system was ineffective at temperatures of 25 C or below. This was surprising since hagfish are regularly caught in water with a temperature range of 10 to 13 C and since the animals used in this study were maintained at 18 to 19 C (14) . Although the system was functional at 30 C, a maximum was reached between 35 and 45 C. Bactericidal activity could not be demonstrated after incubation of serum at 50 C.
In an attempt to learn more about the heat lability of the hagfish bactericidal system, samples of sera were incubated at various temperatures before being subjected to the standard assay procedure. The results of these experiments are sum- a Anti-EMB-1 serum was pooled for six animals 7 days post primary immunization. A portion of pooled sera (1 ml) was maintained at the indicated temperature for 20 min before assaying for bactericidal activity. The inactivation experiments were performed in triplicate.
b Reciprocal of EMB-1 bactericidal titer. c Control was kept for 20 minutes in a meltingice bath. marized in Tabie 2. Although serum incubated at 37 C for 20 min retained bactericidal activity, exposure of the same serum to 40 and 45 C had deleterious effects. The same serum was completely inactivated by incubation at 50 C. The loss of bactericidal activity at 50 C was irreversible in that a 0.25-, 0.5-, or 1-ml portion of a pool of normal fresh hagfish sera failed to restore the activity. Addition of fresh, normal sera to the samples incubated at 37, 40, or 45 C also failed to restore or potentiate the bactericidal activity.
Specificity of hagfish-induced bactericidal anti- hagfish sera were subjected to fractionation by gel filtration on Sephadex G-200, and the resulting fractions were assayed for bactericidal activity. The sera were separated into three distinct fractions, P1, P2, and P3 (Fig. 3) . The P1, P2, and P3 fractions corresponded to the elution position of mammalian IgM macroglobulin, immunoglobulin G, and serum albumin, respectively. Bactericidal activity could only be demonstrated in fraction P1 which was eluted in the void volume. These fractions were each concentrated to 1 ml. A pool of 0.25 ml of normal, fresh hagfish serum was then added, and the fractions were assayed for bactericidal activity. This procedure did not enhance the titer of P1, whereas P2 and P3 still remained negative. Fractions P2 and P3 were then mixed; 0.25 ml of fresh normal serum was added, and the combination was assayed. Bac (27) . Moreover, lysozyme is also implicated if cytolysis occurs (34) . After the injection of endotoxin (26), live or heat-killed gram-negative bacteria (18, 19) , or various gram-negative bacterial cell wall constituents (21), bactericidal antibodies have been detected within 2 days in various species of mammals.
In this investigation, we have looked at the bactericidal antibody response of a primitive vertebrate, the Pacific hagfish. When the response in the hagfish is compared with that of a mammalian representative, there are many similarities. Kenny and Herzberg (18) found that bactericidal antibodies could be detected in the sera of mice within 2 days after immunization; the peak titer was reached at 6 days. This time sequence is similar to the responses reported here for hagfish. Kenny and Herzberg (19) also studied the secondary response of mice after injection of gramnegative bacteria. Although there was a rise in antibody titers by the fourth day, it was not a typical anamnestic response since the primary and secondary responses were about equal. Our results with hagfish were similar, but secondary injections of bacteria in some cases induced a more rapid response without significantly higher antibody titers than found in the primary response. Possibly the immunization schedule used may not have been optimal to maximize the secondary response.
With regard to specificity, Michael et al. (25) have shown that nonspecific absorption of comparable degree occurs with both immune and natural bactericidal antibodies. Bactericidal antibodies of mice (19) were relatively specific, although some reactivity could be demonstrated against heterologous gram-negative bacteria. This cross-reactivity could, of course, be due to shared antigenic sites (7, 20) . Since the hagfish bactericidal antibodies cross-reacted substantially with heterologous gram-negative bacteria, their specificity appears limited. Moreover, bactericidal activity was completely abrogated by absorption of immune hagfish serum with heterologous gramnegative bacteria. However, similarly puzzling findings have been encountered in higher animals. Apparently nonspecific synthesis of antibody has been reported in mammals (16) and in bony fishes (Legler, Acton, Weinheimer, and Dupree, Immunology, in press) after administration of S. typhosa "O" antigen and typhoid vaccine, respectively. Immunocompetence typical of higher vertebrates is shown by hagfish toward at least certain cellular and soluble antigens (14, 23) . Both immunological specificity and memory, as well as antibody production, are demonstrable in hagfish, although the spectrum of potential immune responses may turn out to be more limited at this phylogenetic level.
The influence of temperature on the bactericidal activity was interesting, since the bactericidal system was nonfunctional at the lower temperatures (10 to 19 C) at which hagfish live or are able to survive for prolonged periods. Schwab and Reeves (32) found this to be characteristic of the bactericidal systems in many species of poikilotherms or ectotherms. However, the in vitro assay system used in these investigations may not be truly reflective of the in vivo situation within which hagfish normally deal with bacterial invasion.
Although mammalian complement-like activity has been strongly implicated in bactericidal and hemolytic systems of many lower vertebrates (5, 15, 22, 28, 38) , this is, at best, only suggested by the data presented on the hagfish bactericidal system. Although the bactericidal activity can be inactivated by heat, the addition of fresh, normal hagfish sera does not restore the activity. In addition, we have been unable to demonstrate hemolytic activity in fresh hagfish sera against erythrocytes from several species, utilizing the normal constituents of the sera (unpublished data). This is in accord with the observations of Day et al. (6) . These workers were, however, able to demonstrate lysis of erythrocytes by the normal antibody present and undefined components of hagfish sera after treating the sera with a purified cobra venom factor. This factor can produce lysis of erythrocytes in mammalian systems without the involvement of the early complement components that are activated by antigen-antibody complexes. Possibly, hagfish serum contains components analogous to the terminal complement components of the mammalian lytic system. In addition, Nelson and Gigli have found that the lamprey possesses at least the ninth component of complement (28) . Perhaps the bactericidal system of the hagfish is uniquely different from the mammalian system with respect to activation or utilization of certain complement components.
The bactericidal activity of hagfish sera was found to be associated with high-molecularweight molecules, similar in at least certain characteristics to the hagfish antibodies found by Thoenes and Hildemann (33) and Linthicum and Hildemann (23) . These investigators demonstrated hagfish antibody to keyhole limpet hemocyanin and sheep erythrocytes to be a macroglobulin with an S20, , value of about 23.8. These induced antibodies, unlike the bactericidins of the present study, showed a high degree of specificity and the longer induction period characteristic of antibodies produced in higher vertebrates. However, the exact physicochemical and subunit nature of hagfish antibodies remains to be determined. Marchalonis and Edelman (24) found the bacteriophage antibody in lamprey serum localized in 6.6 and 14S fractions, and the two molecules were antigenically identical. The 6.6S molecule consisted of heavy and light polypeptide chains with approximate molecular weights of 70,000 and 25,000, respectively.
Recent data on the physicochemical properties of the macroglobulins from three species of bony fishes (4) suggest that the pentameric type of IgM macroglobulin found in mammals is not common to all species of vertebrates. The descriptions of a tetrameric macroglobulin in bony fishes (4) and a hexameric macroglobulin in the clawed toad (31) , an amphibian, point to the need for additional studies before the evolution of antibody structure can be deduced. The 
